determine whether skin surface cooling increases left ventricular preload and contractility to a greater extent in older compared with young adults we studied 11 young (28 Ϯ 2 yr; means Ϯ SE) and 11 older (64 Ϯ 3 yr) adults during normothermia (35°C water perfused through a tube-lined suit) and cooling (15°C water perfused for 20 min) using standard and tissue Doppler echocardiography. Cooling significantly decreased skin surface temperature in young (⌬2.8 Ϯ 0.3°C) and older (⌬3.0 Ϯ 0.3°C) adults and increased rate-pressure product, an index of myocardial oxygen demand, in older (6,932 Ϯ 445 to 7,622 Ϯ 499 mmHg · beats/ min for normothermia and cooling, respectively), but not young (7,085 Ϯ 438 to 7,297 Ϯ 438 mmHg · beats/min) adults. Increases in blood pressure (systolic and mean blood pressure) during cooling were greater (P Ͻ 0.05) in older than in young adults. Cooling increased preload in older (left ventricular end-diastolic volume from 106 Ϯ 7 to 126 Ϯ 9 ml and left ventricular internal diameter in diastole from 4.69 Ϯ 0.12 to 4.95 Ϯ 0.14 cm; both P Ͻ 0.01), but not young adults (left ventricular end-diastolic volume from 107 Ϯ 7 to 111 Ϯ 7 ml and left ventricular internal diameter in diastole from 4.70 Ϯ 0.10 to 4.78 Ϯ 0.10 cm). Indices of left ventricular contractility (ejection fraction, myocardial acceleration during isovolumic contraction, and peak systolic mitral annulus velocity) were unchanged during cooling in both young and older adults. Collectively, these data indicate that cooling increases left ventricular preload, without affecting left ventricular contractility in older but not young adults. Greater increases in preload and afterload during cooling in older adults contribute to greater increases in indices of myocardial oxygen demand and may help explain the increased risk of cardiovascular events in cold weather.
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tissue Doppler imaging; echocardiography; age CARDIOVASCULAR-RELATED MORTALITY increases in the cold winter months, particularly in older adults (10, 12, 23, 24, 28, 40) . Associations between increased cardiovascular-related mortality and cold temperatures may be mediated, in part, by acute physiological responses to cold, which include peripheral and visceral vasoconstriction, elevated plasma norepinephrine, and diuresis (33, 38) . Recently, we reported an augmented increase in arterial blood pressure during acute cold exposure (nonpainful and noninternal temperature lowering) in older adults (15) . This augmented pressor response to cold stress in older adults was strongly associated with increased levels of central arterial stiffness before cooling and an increase in rate-pressure product during cooling (15) . This effect appears to be confined to older adults as neither rate-pressure product nor cardiac minute work increase during similar cold exposure in young adults (36, 38) .
Myocardial oxygen demand is affected by a number of factors (17) that may be altered by acute (i.e., cold stress) and chronic processes (i.e., aging). For instance, cold stress that does not induce shivering or decrease internal temperature does result in increased blood pressure, central venous pressure, and pulmonary capillary wedge pressure (7, 8, (37) (38) (39) 41) . When pulmonary capillary wedge pressure is plotted against stroke volume or stroke work there is no apparent effect of cold stress on the Frank-Starling relation in young adults (36) . However, cold-induced increases in afterload may obscure the ability to detect the effect of increased inotropy on the Frank-Starling relation as afterload and inotropy shift the curve in opposite directions. Thus, it is possible that cold-induced increases in left ventricular filling pressure offset increases in afterload to maintain stroke volume in young adults, but that the same increase in left ventricular filling pressure is unable to maintain stroke volume in older adults due to reductions in left ventricular compliance and diastolic function with age (1, 16, 25, 32, 35) without a compensatory increase in inotropy.
Accordingly, the primary aim of the present study was to determine whether skin surface cooling increases left ventricular contractility and preload to a greater extent in older compared with young adults. To address this aim we tested three hypotheses. Hypothesis 1: cold stress improves cardiac systolic function in older but not young adults. The rationale for this hypothesis is that during cold stress, greater systolic pressure development would be required to overcome reduced levels of arterial compliance in older adults coupled with reduced diastolic function in older adults. Hypothesis 2: cold stress would not be severe enough to alter diastolic relaxation as can occur in times of myocardial ischemia (2, 19) . Hypothesis 3: cold stress increases indices of left ventricular filling pressure more in older than young adults. The rationale for this hypothesis is that age-associated decreases in venous compliance (22) could result in greater translocation of blood volume to the heart during cold stress (6) , resulting in greater increases in indices of left ventricular filling pressure in older compared with young subjects. Addressing these hypotheses may provide insight into the mechanism(s) underlying altered age-associated responses to cold stress and associations between decreased outdoor temperatures and increased cardiovascularrelated mortality in humans.
METHODS

Subjects
Twenty-two subjects participated in this study. Eleven were 20 -34 yr old (young), and eleven were 58 -76 yr old (older). All subjects were healthy, normotensive, nonsmokers, nonobese (body mass index Ͻ 30 kg/m 2 ; Table 1 ), and unmedicated. Subjects were sedentary to recreationally active (2 or fewer bouts of aerobic exercise per week lasting Ͻ 30 min in duration each). Studies were conducted in the morning or early afternoon during the summer months of a northern temperate climate. Because of the time of year of the testing (summer), it is unlikely that subjects were cold acclimatized and thus blood pressure responses to cold exposure should not be affected (42) . The Institutional Review Board at the Pennsylvania State University College of Medicine approved the experiments, and written consent was obtained from all subjects prior to testing. Subjects were studied at least 4 h postprandial and after a 12-h abstinence from caffeine.
Experimental Protocol
During the experiments, subjects were positioned supine while wearing a high-density tube-lined suit (Med-Eng Systems, Ottawa, ON, Canada). This water-perfused suit covered the entire body except the hands, feet, and head. Two-way zippers in the torso of the suit permitted echocardiography measures with minimal exposure of the skin to ambient air. Skin surface temperature was changed by altering the temperature of the water perfusing the suit, using an external pump connected in series with an external reservoir tank with an onboard heater. Skin surface cooling was accomplished by adding ice to the reservoir tank to achieve the desired water temperature. All subjects performed a cooling trial consisting of a 6-min baseline period (water temperature, 35°C) followed by a 20-min cooling period (water temperature, 15°C). A subgroup of young (n ϭ 5) and older subjects (n ϭ 5) also performed a control trial that was identical to the cooling trial, except water temperature was maintained at 35°C throughout. At least 30 min elapsed before each trial (water perfusion temperature, 35°C). During trials, blood pressure and heart rate were measured at 2-min intervals, and oral and skin surface temperatures were averaged and recorded at 5-min intervals. Echocardiograms were performed at baseline as well as in the final 8 min of each trial.
Measurements
Blood pressure and heart rate. Blood pressure was determined noninvasively using a semiautomated device (Dinamap) over the brachial artery. Heart rate was determined from a three-lead ECG. Rate-pressure product was calculated as systolic blood pressure times heart rate.
Temperature. Oral temperature was measured in the sublingual sulcus by using a thermocouple. Subjects refrained from speaking and oral breathing during the trials, and the head and neck were not directly exposed to cold. Adopting such precautions helps assure that measurements of oral temperatures are representative of internal temperature (5) . Mean skin surface temperature was measured as a weighted average of four skin sites on the chest, arm, thigh, and leg (26) .
Echocardiography. Transthoracic echocardiography was performed using a digital ultrasound system (model iE33; Philips Ultrasound, Bothell, WA) and a 5.0 -1.0 MHz probe. Left atrial diameter was measured in the parasternal long-axis view, and then adequate Mmode imaging was obtained from the parasternal view between the mitral valve and papillary muscle. The ultrasound beam was positioned perpendicular to the intraventricular septum and left ventricle posterior wall, allowing a clear view of the left ventricle diameter during diastole and systole. Left ventricular internal diameter was measured at the furthest endocardium endpoints (27) . Left ventricular internal end-diastolic diameter was measured, and left ventricular end-diastolic volume, stroke volume, and ejection fraction were calculated by the echocardiography device (30) . Left ventricular internal diameter in diastole and left ventricular end-diastolic volume were used as indices of preload. Ejection fraction was used as an index of systolic function. Indices of diastolic function were early diastolic mitral flow (E), late diastolic mitral flow (A), and E/A ratio. All measurements were averaged over 3-5 cardiac cycles.
Tissue-Doppler imaging analysis was performed on echographic data collected in the apical four-chamber view, while the pulsed Doppler sample volume was placed at the septal and lateral mitral annulus. The spectral Doppler signal filters were adjusted to obtain Nyquist limits of 15-20 cm/s using the lowest wall filter settings and the minimum optimal gain. The sample volume was placed at the base of the myocardium at the border of the intraventricular septal and lateral walls. Three major components of regional myocardial velocities were recorded: 1) the positive systolic velocity when the mitral ring moved toward the cardiac apex (Sm), which is a sensitive marker of regional myocardial systolic function and lower loading dependence (11, 14) ; 2) the first rapid negative diastolic velocity (Em) when the mitral annulus moves toward the base away from the apex; and 3) the second negative diastolic velocity (Am). Em and Am are sensitive markers of regional diastolic function (29) . The ratio of E/Em was used as an index of diastolic function. Myocardial acceleration during isovolumic contraction (ACC) was calculated as the difference between baseline and peak velocity divided by their time interval from Q wave to onset of systolic ejection and was used as another index of systolic function (i.e., myocardial contractility) (34) . Sm, Em, Am, and ACC were analyzed using Prosolv Software version 3.0.47. All tissue-Doppler data were averaged from two different sites (septal and lateral walls) at the mitral annulus over three to five cardiac cycles.
Statistical Analysis
Group differences (young compared with older) in subject characteristics were determined by independent t-tests. The effect of age and cooling were determined using a two-way, mixed-model, repeatedmeasures ANOVA with Student Newman-Keuls post hoc analysis performed when significance was identified. A similar analysis was also performed on the time-control data. Statistical significance was established at P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS
Subject Characteristics
In addition to age differences, older subjects' blood pressure was higher, and their heart rates were lower than young subjects at rest (i.e., during normothermic conditions; Table 1 ).
Effect of Skin Surface Cooling on Temperature and Systemic Hemodynamics
Cooling decreased (P Ͻ 0.05) skin surface temperature without affecting sublingual temperature in young or older adults (Fig. 1) . Cooling increased blood pressure in young and older adults, although responses were greater (P Ͻ 0.05) in older adults (systolic and mean blood pressure; Fig. 2 ). Stroke volume increased (P Ͻ 0.05), heart rate decreased (P Ͻ 0.05), and cardiac output was unchanged in older adults during cooling (Table 2 and Fig. 2) . Heart rate trended (P Ͻ 0.1) lower in the young group during cooling, but this trend was not observed in stroke volume or cardiac output (Table 2 and Fig. 2 ).
Effect of Skin Surface Cooling on Cardiac Function
Cardiac structure and function were generally well preserved with age during normothermic conditions (Tables 2 and 3) . However, there were several age-related differences, which included impaired indices of diastolic function (E, A, Em, E/A, and E/Em) in older compared with young adults (Tables 2 and 3) .
Cooling increased preload (left ventricular internal diameter in diastole and left ventricular end-diastolic volume) and E/Em tended (P Ͻ 0.1) to increase in older but not young adults (Table 2) . Stroke volume increased (P Ͻ 0.05) without a concomitant change in left ventricular end-systolic volume in older but not young adults, during cooling ( Table 2) . Diastolic function was unchanged by cooling in both young and older adults despite the presence of differences before cooling (Tables 2 and 3). Indices of left ventricular contractility (ejection fraction, ACC, and Sm) were unchanged by cooling in young and older adults. Rate-pressure product increased significantly during cooling in older but not young adults (Tables 2 and 3 ).
Responses to Control Trial
Baseline measurements during control and cooling trials did not differ within young or older adults, although some between-group differences were present (Tables 4 and 5 ). Values did not change over the duration of the control trial in either young or older adults for any of the measures except for a small decrease (P Ͻ 0.05) in heart rate in older adults (Tables 4 and 5 and Figs. 1 and 2 ).
DISCUSSION
The primary new finding of this study is that left ventricular contractility (ejection fraction, Sm, or ACC) does not increase during cold stress in older adults, despite the presence of a greater increase in left ventricular preload (left ventricular end-diastolic volume and left ventricular internal diameter in diastole) and rate-pressure product in this group. Because left ventricular preload increased in older adults during cooling, despite impaired diastolic function (E, A, E/A, and Em), it is probable that cooling caused a greater increase in left ventricular filling pressure in older compared with young adults.
Skin surface cooling results in an augmented increase in blood pressure in older compared with young adults. The augmented pressor response to skin surface cooling observed in the present study is consistent with our recent observations (15) . In this previous study, we suggested that age-associated increases in central arterial stiffness might contribute to the augmented pressor response to skin surface cooling in older adults (15) . In the present study, we extend these prior findings by demonstrating that the augmented pressor response to skin surface cooling in older adults is not mediated by an increase in cardiac output. Collectively, these data suggest an augmented vasoconstrictor response may occur in vascular beds, other than the skin, during cooling in older compared with young adults (31) .
Left ventricular filling pressure may increase more in older than young adults during skin surface cooling. Skin surface cooling increases central venous pressure and pulmonary capillary wedge pressure in young adults (8, 39) . These increases in indices of left ventricular filling pressure during skin surface cooling in young adults may be predicted to result in increased left ventricular end-diastolic diameter. However, in the present study, we observed no such increase in left ventricular enddiastolic volume during skin surface cooling in young adults. This finding is consistent with previous studies using traditional echocardiography (36) . Using thoracic impedance measures some (6), but not all studies (13) observed an increase in central blood volume during cold stress in young adults. Thus, it is possible that increases in pulmonary capillary wedge Values are means Ϯ SE; n ϭ 11/group. IDd, diameter of left ventricle at the end-diastole; E, early diastolic mitral flow; A, late diastolic mitral flow; Em, peak early diastolic mitral annulus velocity. *P Ͻ 0.05 vs. young; †P Ͻ 0.05 vs. baseline; ‡P Ͻ 0.1 vs. baseline. Values are means Ϯ SE; n ϭ 11/group. ACC, myocardial acceleration during isovolumic contraction; Sm, peak systolic mitral annulus velocity; Am, peak late diastolic mitral annulus velocity. *P Ͻ 0.05 vs. young. pressure during cooling are insufficient to cause detectable increases in echocardiography-derived, left ventricular, enddiastolic volumes in young adults. In contrast, we observed large increases in left ventricular end-diastolic volume (ϳ25 ml) during skin surface cooling in older adults. As diastolic function is impaired with age (e.g., decrease in E and Em) it would appear that greater increases in left ventricular filling pressure occurred during cooling in older compared with young adults to explain the observed increase in left ventricular end-diastolic volume and left ventricular internal diameter in diastole. The mechanism(s) by which this occurs is unclear, but may include age-related effects on pulmonary arterial compliance and pressure (20) .
The mechanism(s) underlying the apparent increase in myocardial oxygen demand in older but not young adults during skin surface cooling likely involves increased left ventricular diameter and developed pressure rather than changes in heart rate (18) . Our initial hypothesis that left ventricular contractility would increase in older adults during skin surface cooling was based on the observation that older adults have increased left ventricular and central arterial stiffness (1, 3, 4) . Increased left ventricular stiffness could reduce left ventricular filling at a given left ventricular filling pressure. However, we found that indexes of cardiac contractility, obtained using traditional echocardiography (ejection fraction) as well as tissue Doppler imaging (Sm and ACC) did not increase during skin surface cooling in either young or older adults. Importantly, tissue Doppler imaging indices of contractility are particularly sensitive to changes in cardiac contractility independent of preload (9) . Consistent with prior studies using a similar cooling protocol (15, 38), we did not observe increases in heart rate during skin surface cooling. Thus, it would appear that the apparent increase in myocardial oxygen demand (i.e., ratepressure product) in older adults during skin surface cooling is best explained by an increase in left ventricular developed pressure and an increase in preload (increased left ventricular end-diastolic diameter and internal diameter in diastole) rather than changes in heart rate ( Table 2 and Fig. 2) .
The observed increase in an index of myocardial oxygen demand during skin surface cooling in older adults may have important health implications as risk of myocardial infarction and all-cause cardiovascular-related mortality increase in the cold winter months, particularly in older adults (10, 12, 23, 24, 28, 40) . A recent study (40) highlighted this point by showing that relative risk for myocardial infarction increased 7% per 10°C decrease in same-day temperature. Cold can act as a powerful trigger for angina symptoms (17) and potentially influence critical determinants of myocardial oxygen supply and demand. The present study provides strong evidence suggesting increased myocardial oxygen demand during cooling in older adults, but future studies will be needed to identify whether critical determinants of myocardial oxygen supply, such as coronary blood flow, are increased by such cold stress in older adults.
Two main study limitations exist. First, it is possible that the augmented pressor response observed during cooling in older adults resulted in a baroreflex-mediated reduction in sympathetic outflow to the heart to reduce left ventricular contractility. Although this is possible, impaired cardiovagal baroreflex responsiveness in older adults (21) could partially diminish this effect. Second, the observed responses may be specific to the cooling paradigm employed. 
Perspective and Significance
In conclusion, the primary new finding of this study is that older adults demonstrate greater increases in estimated myocardial oxygen demand (rate-pressure product) during cold stress, which is related to increased left ventricular preload (left ventricular internal diameter in diastole and left ventricular end-diastolic volume) and arterial blood pressure, but not left ventricular contractility (ejection fraction, Sm, or ACC). This finding was contrary to our proposed hypothesis that older individuals would increase left ventricular contractility to maintain cardiac output in the face of increased afterload during skin surface cooling. These findings may provide insight into mechanisms underlying associations between cold outdoor temperatures and increased incidence of myocardial infarction and all-cause cardiovascular-related mortality, particularly in older adults.
